We report on the observation and characterisation of an inelastic loss feature in collisions between ultracold 85 Rb |F = 2, mF = −2 atoms at a magnetic field of 220 G. Our apparatus creates ultracold 85 Rb clouds by sympathetic cooling with a 87 Rb reservoir, and can produce pure 87 Rb condensates of 10 6 atoms by a combination of evaporative cooling in a quadrupole-Ioffe magnetic trap and further evaporation in a weak, large-volume optical dipole trap. By combining 85 Rb and 87 Rb atoms collected in a dual-species magneto-optical trap and selectively evaporating the heavier isotope, we demonstrate strong sympathetic cooling of the 85 Rb cloud, increasing its phase space density by three orders of magnitude with no detectable loss in number. We have used ultracold samples created in this way to observe the variation of inelastic loss in ultracold 85 Rb as a function of magnetic field near the 155 G Feshbach resonance. We have also measured a previously unobserved loss feature at 219.9(1) G with a width of 0.28(6) G, which we associate with a narrow Feshbach resonance predicted by theory.
The ability to tune the interparticle interactions in an atomic Bose-Einstein condensate (BEC) has opened up a wide range of new experiments in the field of ultracold atoms. Many experiments have used a Feshbach resonance, a magnetically-tunable molecular bound state, to modify the s-wave scattering properties of ultra-cold atoms. The most notable of these include the BoseEinstein condensation of cesium [1] , the formation of a molecular BEC from a Fermi gas [2] , and the demonstration of atom interferometry with a weakly-interacting condensate [3] . Recent proposals for generating squeezing and massive particle entanglement in an atom laser would also benefit from the ability to tune the s-wave elastic scattering length of the atom beam [4, 5] .
The first tunable-interaction condensate was of 85 Rb, created by Cornish et al. at JILA in 2000 [6] . This atom is well-suited to studying a wide range of interaction strengths, with a broad, low field Feshbach resonance that allows the s-wave scattering length to be tuned over several orders of magnitude, including both positive and negative values [6] . However, inelastic loss processes-and in particular the variation of these losses with magnetic field-make condensation of 85 Rb difficult to achieve. Indeed, it was only through detailed knowledge of these processes and their behaviour near the Feshbach resonance [7] that a successful path to condensation was devised by the JILA group.
In this paper, we report on a measurement of a previously unobserved increase in inelastic loss associated with a narrow Feshbach resonance in 85 Rb near 220 G [8] . We have also made a second measurement of the losses near the 155 G Feshbach resonance, observing losses in agreement with the theoretical predictions of Refs. [7, 9] . To obtain an ultracold sample for study, we employ sym- * Electronic address:
paul.altin@anu.edu.au; URL: http:// atomlaser.anu.edu.au/ pathetic cooling with a reservoir of 87 Rb in a magnetic trap. This technique relies on the large interspecies collision cross-section between 87 Rb and 85 Rb [9] . It was first applied to 85 Rb by Bloch et al. [10] , and has more recently been used to create stable 85 Rb condensates by Papp et al. [11] . By operating at a minimum in the inelastic loss rate we are able to further evaporate 85 Rb in an optical dipole trap to phase-space densities consistent with BEC.
In our experiment, 10 10 87 Rb atoms and 10 8 85 Rb atoms are collected simultaneously in an ultra-high vacuum three-dimensional magneto-optical trap (MOT), fed by a cold atom beam from a two-dimensional MOT. The flux from the 2D MOT is sufficient to fill the 3D MOT within 10 s. After a 20 ms polarization-gradient cooling stage, the MOT repumping lasers are switched off for 1 ms to allow both species to be optically pumped into their lower ground states in preparation for sympathetic cooling. The atoms are captured in a quadrupole magnetic field and magnetically transported over a distance of 40 mm to a second quadrupole trap, which is then converted into a harmonic Ioffe-Pritchard potential using the quadrupole-Ioffe coil configuration [12] . The final magnetic potential has trapping frequencies of ω z = 2π × 16 Hz axially and ω ρ = 2π × 156 Hz radially for 87 Rb atoms in the |F = 1, m F = −1 hyperfine state, and a bias field of 3.7 G. Typically, 10 9 87 Rb atoms and 10 7 85 Rb atoms are present at ∼ 200 µK in our QUIC trap before evaporation. We reduce the temperature of the samples by applying a logarithmic radiofrequency (rf) sweep from 50 MHz to 3 MHz over 15 s. The number and temperature of either species at the end of an experimental run is determined from absorption imaging after a period of free expansion.
A combination of poor elastic and inelastic scattering cross-sections makes 85 Rb badly suited to direct evaporative cooling [7, 9] . An alternative approach is to cool the sample sympathetically through thermal contact with an evaporated reservoir. In order to effect sympathetic cooling of the 85 Rb |F = 2, m F = −2 state, which has a broad Feshbach resonance at 155 G, the refrigerant species must be preferentially removed from the magnetic trap during evaporation. As demonstrated in 2007 by Papp et al., this can be achieved using the standard rf forced evaporation technique, provided that the 87 Rb atoms occupy the |F = 1, m F = −1 state. Because the Landé factor g F has a larger magnitude for the 87 Rb ground state (g F = ±1/2) than for 85 Rb (g F = ±1/3), the 87 Rb evaporation surface at a given radiofrequency is closer to the centre of the trap than for 85 Rb. In addition, the 85 Rb cloud is more tightly confined (i.e. smaller) in the magnetic trap due to its larger g F m F factor. These effects combine to make rf evaporation highly selective towards the coolant 87 Rb [19] .
We have observed strong sympathetic cooling with almost perfect isotope selectivity during evaporation with both species in the magnetic trap. Figure 1 shows evaporation trajectories for each species, both alone and in the presence of the other. Direct evaporation of 85 Rb fails due to the low elastic collision rate-a consequence of the low initial density of the sample and of the small elastic collision cross-section of 85 Rb at temperatures above 100 µK [9] . With both species in the trap, however, no loss of 85 Rb is detected during cooling from 200 µK to 20 µK, corresponding to an increase in phase space density of over three orders of magnitude. The sympathetic cooling trajectory of 85 Rb begins to roll off at around 20 µK, as the number of each species present becomes comparable. This is to be expected, since beyond this point the density of 85 Rb at the evaporation surface will not necessarily be lower than that of 87 Rb, and so the rf begins to remove both species from the trap.
In the work of Bloch et al. [10] , sympathetic cooling of 85 Rb |F = 3, m F = 3 atoms was demonstrated using 87 Rb in the |F = 2, m F = 2 state. In that system the two species experienced identical confinement, and preferential removal of 87 Rb was due solely to the larger energy splitting between neighboring Zeeman sublevels (larger g F ). This reduced selectivity manifested in the reported 85 Rb loss of a factor of ∼ 3. In contrast to the |F = 2, m F = −2 state used in the present work, the |F = 3, m F = 3 state in 85 Rb has no known Feshbach resonance. The data presented in Figure 1 are in excellent qualitative agreement with the more recent work of Papp et al. (cf. Ref. [13] , Fig. 4.11) , including the accelerated loss of 87 Rb that occurs as the number ratio approaches unity.
Under optimal experimental conditions, we can create samples of 8 × 10 6 85 Rb atoms at 10 µK in the QUIC trap, giving a phase space density of 6 × 10 −4 . With a larger 87 Rb reservoir, it may be possible to continue the sympathetic cooling further. However, the inelastic scattering properties of 85 Rb are known to prevent the containment of high density samples at low magnetic fields-it is expected that sympathetic cooling would no longer be effective below ∼ 5 µK, depending on the den- sity of the sample [13] . Even without inelastic losses, a 85 Rb BEC at low field would be unstable against collapse with more than ∼ 100 atoms [14] due to the negative background scattering length, a ≈ −440a 0 . Both of these issues may be overcome by exploiting the Feshbach resonance between ultracold 85 Rb |F = 2, m F = 2 atoms which occurs at 155 G.
The radial confinement of a QUIC trap decreases with bias field as ω ρ ∝ B −1/2 0 , so that at high fields the radial confinement of our trap would be insufficient to support the atoms against gravity. Thus the magnetic trap is not suitable for investigating the behavior of an ultracold 85 Rb cloud as a function of magnetic field around the 155 G Feshbach resonance. For this we use an optical dipole trap formed by focusing 3 W of light from a 1090 nm fibre laser to a 100 µm waist. The weak axes and radial oscillation frequencies of the two traps are matched, and we transfer the atoms from the magnetic trap to the dipole trap by suddenly (< 100 µs) superimposing the dipole laser onto the magnetically-trapped cloud. A bias field of around 160 G produced by a pair of Helmholtz coils along the beam axis is then ramped up over 500 ms. This destroys the radial confinement of the magnetic trap, however a small magnetic field curvature along the beam (corresponding to an oscillation frequency of ∼ 10 Hz) is left on to strengthen the axial confinement, which would otherwise be only 0.2 Hz along the beam axis. Finally, we evaporate by lowering the power in the dipole beam, thus allowing energetic atoms to escape radially from the trap. In the absence of 85 Rb atoms, we are able to produce pure 87 Rb condensates containing more than 10 6 atoms in the |F = 1, m F = −1 state. To investigate the behaviour of inelastic processes in 85 Rb, we load a sympathetically-cooled sample from the QUIC trap into the optical trap and ramp up the bias field over 500 ms. The 85 Rb cloud initially present in the optical dipole trap has a density of ∼ 3 × 10 12 cm
and a temperature of 2.5 µK. After a 10 s hold at the desired field, the atoms are released from the trap and imaged. The bias field is calibrated by subjecting the cloud to a burst of radiofrequency; since the axial confinement is magnetic, atoms which transition to a highfield seeking state are expelled from the trap. Measuring loss as a function of applied rf frequency therefore allows us to determine the magnetic field at the cloud centre using the Breit-Rabi equation [16] . Figure 2(a) shows the number of atoms remaining in the trap after 10 s as a function of the applied bias field. Loss from the dipole trap is enhanced on the low field side of the Feshbach resonance and peaks as the elastic scattering length diverges at 155 G. The inelastic loss is minimised at around 168 G, where the scattering length vanishes, consistent with results reported by the JILA group [6, 11] . Overall, the curve shows good qualitative agreement with the theoretical predictions of inelastic loss rates by Burke et al. [9] (cf. Fig. 2 ) and Roberts et al. [7] (cf. Fig. 2b) . We also observe a sharp increase in inelastic loss near 220 G. Theoretical calculations [8] predict the existence of a narrow Feshbach resonance at this field, with the most recent placing the resonance at 219.4 G with a width of ∼ 10 mG [17] . Our observed loss feature (Fig. 2(b) ) occurs at (219.9 ± 0.1) G. We expect no significant systematic error due to light shifts from the dipole laser; since the detuning is much larger than the separation between the m F states, each magnetic sublevel is shifted by the same amount, thus both the calibration of the magnetic field by rf addressing and the position of the resonance itself should be unaffected by the optical trap (to first order). The loss at this field is significantly greater than at the broader Feshbach resonance, even though the two-body loss coefficient is predicted to be two orders of magnitude lower here than at 155 G [7] , implying a particularly high three-body loss rate.
The width of the curve in Fig. 2(b) , σ meas = (0.28 ± 0.06) G, is a convolution of the width of the inelastic loss feature σ inel and the effective width of the cloud σ cloud due to the range of magnetic fields spanned by the atoms, power broadening of the rf transition, and the magnetic field noise. These effects are reduced by using the coldest possible cloud, minimal rf power and low current noise power supplies to drive the Feshbach bias coils. We measure the frequency width of the cloud to be (100 ± 10) kHz, corresponding to a magnetic field width of σ cloud = (55±5) mG. Thus we deduce the width of the inelastic loss feature to be σ inel = (0.27 ± 0.07) G. This should not be expected to match the width of the resonance in the elastic scattering cross-section.
As shown in Figure 2 (a), inelastic losses between 85 Rb |F = 2, m F = −2 atoms are minimised at around 168 G, near where the s-wave scattering length vanishes. Operating at this magnetic field, we have further cooled both species in the optical trap by evaporation. Since the 85 Rb s-wave scattering length at this field is much lower than the interspecies scattering length, this cooling is again almost purely sympathetic, although at the end of the ramp the scattering length is tuned to a larger positive value to make the formation of a condensate possible. By tuning the relative numbers of 87 Rb and 85 Rb loaded into the dipole trap, we can optimise the cooling performance to achieve the highest phase space density in 85 Rb. In this manner, we have produced ultracold 85 Rb clouds containing 10 4 atoms at ∼ 10 nK coexisting with condensates of 87 Rb [20] . In conclusion, we have used a sample of ultracold 85 Rb |F = 2, m F = −2 atoms to measure loss due to inelastic collisions as a function of magnetic field around the 155 G Feshbach resonance, and to characterise a previously unobserved inelastic loss feature at 220 G. We have demonstrated efficient sympathetic cooling of 85 Rb atoms in a QUIC magnetic trap using a 87 Rb reservoir-an important step in creating a 85 Rb Bose-Einstein condensate. The phase space density of more than 10 7 85 Rb atoms was increased by three orders of magnitude without loss through thermal contact with an evaporated 87 Rb cloud.
We have further cooled 85 Rb in an optical dipole trap to phase space densities consistent with BEC.
